Signal transducers and activators of transcription (STATs) are cytoplasmic transcription factors that remain latent until required for signaling by a ligand-receptor interaction. Generally, the cascade of signaling occurs as follows. When any one of a variety of cytokines binds and induces dimerization of its receptor, a receptor-associated member of the Janus family of tyrosine kinases (Jaks) is activated to phosphorylate the receptor on tyrosine residues. The phosphorylated tyrosines then serve as docking sites for latent STATs, which bind and themselves become tyrosine phosphorylated by Jaks. STATs are released, dimerize, and translocate to the nucleus to regulate the transcription of target genes. STAT3 has been shown to be induced by many cytokines which induce cellular proliferation (for reviews, see references 16 and 17) .
The transforming oncoprotein v-src of the Rous sarcoma virus, the prototypical member of the Src family of tyrosine kinases, has been shown to constitutively activate STATs (6, 40) . Recently, it has been shown that the transforming ability of v-src is dependent on the association and activation of STAT3 (5, 36) . Lck, another Src family kinase, may also be involved with STAT activation. Lck is a lymphocyte-specific member of the Src family and is essential for normal signaling through the T-cell receptor (TCR) (3) . Cross-linking of the TCR induces rapid activation of Lck, which phosphorylates the TCR zeta chain on tyrosine residues. The phosphorylated tyrosines then serve as a docking site for the recruitment of ZAP70, which is activated via tyrosine phosphorylation by Lck. Activated Lck and ZAP70 then propagate activation signaling downstream of the TCR. Other downstream Lck targets may include phospholipase C␥1, protein kinase C, and phosphoinositide-3 kinase (for reviews, see references 31 and 35) . Lck may also be involved in signaling through the interleukin-2 (IL-2) receptor (21) .
Herpesvirus saimiri (HVS) is a gammaherpesvirus isolated from the South American squirrel monkey. Group C strains of HVS have the ability to transform monkey and human T cells to an IL-2-independent phenotype (27, 28) . Two viral proteins have been found to be essential for transformation: saimiri transforming protein and tyrosine kinase-interacting protein (Tip), a membrane-bound protein (9, 27) . Tip from HVS strain 484 (Tip-484) has been shown to interact with and to be a potent activator of Lck in T cells (22, 23) . Recently, it was shown that Tip-484 also binds to and constitutively activates STATs in an Lck-dependent manner (24) .
The minimal region of Tip responsible for binding Lck has been previously described (19, 23) . We now term this region the LBD (for Lck binding domain). The LBD is composed of a 10-residue C-terminal Src-related kinase homology domain (CSKH), an 18-amino-acid spacer, and a 10-residue potential SH3 binding domain (SH3B). These two domains, along with the spacer, have been shown to be essential as the minimal region of Tip required for Lck interaction in vitro (19) . Here we show that the LBD of Tip-484 can augment the protein kinase activity of a glutathione S-transferase (GST)-Lck fusion protein in vitro. The LBD alone can also upregulate Lck kinase activity in vivo. Furthermore, we show that LBD can bind to STAT3 in the presence of Lck and is fully capable of activating STAT3 DNA binding activity in T cells to the same extent as full-length Tip-484.
To elucidate the various regions of Tip-484 that might be important in activating Lck and STATs, several recombinants were constructed (Fig. 1) . The full-length GST-Tip-484 construct has been previously described (23) . Additional GST constructs were created by amplifying the region of interest by PCR and cloning it downstream of GST in the vector GST 5x-3 (Invitrogen, San Diego, Calif.). Deletions were made in a previously described construct of Tip-484 cloned into the eukaryotic expression vector pZeo (Invitrogen) (22) . All constructs were sequenced and verified for protein production.
To determine which region of Tip affects Lck activity, a GST fusion protein system was utilized as an initial approach. lck was cloned downstream of the gene encoding GST and expressed in Escherichia coli, and the protein was harvested, affinity purified, and used in an in vitro kinase assay. Fusion proteins precipitated on glutathione-agarose beads were washed twice with kinase buffer (20 mM Tris [pH 7.4], 5 mM MgCl 2 ). The beads were then suspended in a 1:1 slurry with kinase buffer. [␥-
32 P]ATP (20 Ci; Dupont) was added, and the beads were incubated at 30°C for 15 min. They were then washed one time with kinase buffer and boiled in sodium dodecyl sulfate (SDS) loading buffer (24) . Radiolabeled proteins were separated on an SDS-polyacrylamide gel. Visualization and quantification were carried out with a PhosphorImager and ImageQuant software (Molecular Dynamics). GST-Lck was found to be partially active, as determined by autophosphorylation ( Fig. 2A) . If GST-Lck was allowed to interact with GST-Tip-484 prior to performance of the kinase assay, a significant increase in kinase activity was seen ( Fig.  2A) . The use of various regions of Tip-484 showed that the LBD of Tip, as well as the N-terminal region of Tip, could significantly activate GST-Lck. Conversely, the C-terminal region of Tip-484, which contains the LBD and also the downstream transmembrane region of this protein, did not enhance GST-Lck activity. Deletion mutant no. 2 has only one of the domains required to bind Lck, and it did not activate GST-Lck. No kinase activity was seen when any of the Tip fusion proteins were incubated with native GST (data not shown). It should be noted that the extra band seen in the antigenic-region construct lane is probably due to a nonspecific E. coli protein which appears intermittently in fusion protein purifications. These data show that the LBD alone can significantly activate Lck and that the addition of the downstream transmembrane region to LBD inhibits activation of GST-Lck.
We next looked at phosphorylation of a substrate by GSTLck in the presence of Tip-484. Kinase assays were done as described above except that enolase was included as a substrate. Radiolabeled proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (data not shown), and phosphorylated enolase was quantified by radiodensitometry. Figure 2B shows that, as before, the n-terminal region of Tip-484, its LBD, and full-length Tip-484 were best at activating Lck. Again, the LBD in combination with the downstream transmembrane domain did not activate Lck. Therefore, the LBD of Tip activates both autokinase and kinase activities of Lck toward a substrate.
To evaluate Tip-484 activation of Lck by a different method, a synthetic peptide specific for Src family kinases was used in the Protein-Tyrosine Kinase Assay System (Gibco BRL, Grand Island, N.Y.) (22) . The substrate, derived from the amino acid sequence surrounding the phosphorylation site in pp60
, is specific for tyrosine kinases. Using this system, fusion proteins were prepared as described above and resuspended in kinase buffer with the peptide substrate and [␥-
32 P]ATP. Figure 2C shows that expression of the LBD greatly enhanced the ability of GST-Lck to phosphorylate the peptide substrate. These data corroborate those obtained by the previous kinase assays ( Fig. 2A and B) .
Fusion proteins can provide information about potential interactions, but to confirm that the LBD could function as well as full-length Tip-484 in vivo, constructs were expressed in a eukaryotic expression vector. Jurkat T cells were transfected with wild-type Tip-484, the N-terminal region of Tip-484, its LBD, or its C-terminal region or with vector alone. Forty-eight hours posttransfection, cell lysates were prepared. Lysates normalized for protein content were subjected to Lck immunoprecipitation followed by an in vitro kinase assay. Figure 3A shows the marked activation of Lck by Tip-484; it also shows that the N-terminus and LBD constructs activated Lck just as well as Tip-484. We have previously identified the two lower bands as two differentially phosphorylated forms of Tip-484 (22) . The N-terminal region of Tip is inconsistently seen as a significantly smaller, slightly phosphorylated protein (data not shown). The LBD, at only 56 residues in length, was generally too small to be visualized by SDS-PAGE. Figure 3B shows that the C-terminus construct was able to activate Lck only twofold, as determined by radiodensitometry. The inability of this construct to significantly activate Lck agrees with the previous data obtained with GST fusion proteins. These data show that the LBD, like full-length Tip-484, can function as a potent activator of Lck in vivo.
We have previously shown that Tip-484 binds to STAT3 in a multiprotein complex and that this binding is dependent on the presence of Lck (24) . Because the LBD is the minimal region required for binding of Lck and it activates Lck activity in vitro and in vivo, we were interested in investigating whether LBD could also bind STAT3. To do so, fusion proteins were prepared, normalized, and used to bind proteins from Jurkat Tcell extracts. Bound proteins were separated by SDS-PAGE, and immunoblotting was performed to identify STAT3. Figure  4A shows that the LBD as well as the N-terminal region of Tip-484 can effectively bind STAT3, although not as well as the full-length Tip-484. Figure 4A also shows that the C-terminal region of Tip has a greatly diminished capacity to bind STAT3. To determine whether the C-terminal region's lack of Lck activation seen in the previous experiments was due to the absence of an interaction with Lck, a similar binding experiment was done and immunoblotting for Lck was performed. Figure 4B shows that all constructs tested bound Lck effectively in vitro. GST alone did not bind any detectable proteins. These data indicate that the inability of the C-terminal region of Tip-484 to activate Lck in vivo is not due to an inability to bind Lck. Although the specific mechanism by which the C terminus inhibits Lck activation is unknown, we speculate that the addition of the hydrophobic C-terminal region to the LBD interferes with a specific conformational change required for Lck activation by the LBD.
We have previously shown that STAT activation occurs in HVS-transformed T cells (24) . We also found that Tip-484 alone is a potent activator of STATs (24) . Since the LBD of Tip-484 can activate Lck to the same extent as the full-length protein and can bind STAT3 in vitro, we were interested in determining whether the LBD could also activate STAT3 in vivo. As in the previous experiments, Tip-484 N-terminus-and LBD-expressing vectors were transfected into Jurkat T cells. Forty-eight hours posttransfection, nuclear extracts were prepared. Normalized nuclear extracts were subjected to an electrophoretic mobility shift assay (EMSA) using an end-labeled sis-inducible element (SIE) probe which contains binding sites for STAT1 and -3 as described previously (24, 37) . v-src-transformed NIH 3T3 cells, which have constitutively activated STAT3, were used as a positive control (40) . Figure 5 shows that the LBD was indeed able to activate STAT3 as well as does Tip-484. This was confirmed by using an antibody to STAT3 in a supershift assay. Also, the results of an SIE affinity binding assay of total-cell lysates were similar to those obtained by EMSA (data not shown). A separate experiment showed that the N-terminal region of Tip is also a potent activator of STAT3. These data indicate that the LBD is a potent activator of both Lck and STAT3 in vivo. We speculate that the activation of STAT3 occurs via the LBD's strong upregulation of Lck, which may be directly responsible for STAT3 activation. The C-terminus construct did not significantly activate STAT3 (Fig. 5) and, concurrently, did not activate Lck in vivo. Although we do not know the specific inhibitory mechanism of the C terminus, the data support the notion that Lck activation can lead to STAT3 activation in vivo.
Lck activation in T cells occurs when Lck is both myristylated and palmitoylated (2, 32, 43) . This suggests that Lck must be localized to the plasma membrane, perhaps for interaction with other proteins. However, here we showed that activation of Lck by Tip-484 occurs in the absence of cell membrane and other eukaryotic proteins. GST-Lck fusion proteins were used to determine the regions of Tip-484 which can activate Lck in vitro. In this study, a GST-Lck construct in which the N terminus of Lck was fused to GST was used; therefore, it could not be acylated. Fusion proteins were produced in E. coli, which lacks most of the posttranslational activity found in eukaryotic cells. We found no evidence of activation of Lck by E. coli lysates, and the use of affinity-purified fusion proteins allowed for easier interpretation of results. Earlier studies showed that the LBD is the only region of Tip-484 responsible 10 7 ) were transfected with 20 g of expression vector. Forty-eight hours posttransfection, nuclear extracts were prepared. Normalized extracts were incubated with a 32 P-radiolabeled SIE oligonucleotide probe derived from the c-fos gene promoter (sense strand, 5Ј AGCTTCATTTCCCGTAAATCCC TA) that binds STAT1 and -3 (24) . Protein-DNA complexes were resolved by nondenaturing PAGE and detected by autoradiography as described previously (24) . Arrows indicate STAT3 homodimer DNA complexes. Anti-STAT3 polyclonal antibodies (Santa Cruz Biotechnology Inc.) were used in supershift assays. One microliter of antibody was incubated with nuclear extract for 20 min at room temperature prior to addition of radiolabeled probe and performance of PAGE. Addition of a nonspecific antibody had no effect on DNA binding activity (data not shown). Nuclear proteins (4 g) extracted from NIH 3T3 cells transformed with the v-src oncogene were used as a positive control. The asterisk indicates supershifted STAT3. Vector, cells were transfected with pZeo vector DNA.
for interaction with Lck (19, 23) . In the present study, we found that the LBD is the only domain required for activation of Lck and that it is just as potent an activator as full-length Tip-484. This provided evidence that Tip can activate Lck in the absence of all other components of T cells.
Members of the Src kinase family are activated via a dephosphorylation event at the C-terminal tyrosine residue (tyrosine 505 of Lck) and autophosphorylation of a tyrosine located near the middle of the protein (tyrosine 394 of Lck) (for a review, see reference 8). Recent evidence suggests that phosphorylation at tyrosine 394 is the more potent regulator of activation, since inactive non-membrane-bound forms of Lck can be fully activated by phosphorylation at this tyrosine residue (15, 42) . It is thought that activation of Lck by phosphorylation of tyrosine 394 is an intermolecular event, as opposed to intramolecular phosphorylation. Lck can transphosphorylate tyrosine 394, but it is also possible that other tyrosine kinases can perform a similar function. We speculate that the LBD binds Lck and induces a conformational change that makes Lck a better substrate for transphosphorylation of tyrosine 394 by a neighboring Lck protein and that this leads to activation of Lck kinase activity. Further studies will have to be done to verify this specific mechanism of activation.
A Tip-484 homologue termed Tip-488 exists in HVS strain 488. The function of Tip-488 has been the subject of some debate, since data indicative of both activation and downregulation of Lck have been reported (20, 30, 39) . Tip-488 is highly homologous to Tip-484 but contains a 51-amino-acid N-terminal duplication. While Tip-484 has been consistently shown to activate Lck, the duplication in Tip-488 may alter its conformation and, hence, its binding affinity for other proteins, allowing it to function differently from Tip-484. Mutations in either the CSKH or SH3B region of Tip-488 abolish binding to Lck (19) . A recent study showed that a mutated SH3B region of Tip-488 does not activate Lck but that an HVS-488 recombinant containing the mutant Tip-488 was still able to transform primate lymphocytes and give rise to lymphomas in New World monkeys (10) . Tip-484 has not been tested in this manner. Another possible explanation for the difference in data involves the specificity of Lck antibodies. We have found that in vitro kinase assays are highly dependent on the antibody used for immunoprecipitation. There are significant differences between lots as well as commercial preparations of antibodies. Some antibodies interfere with Tip-484 binding and activation of Lck (data not shown). We routinely test our antibodies to ensure that they do not interfere with kinase activation of Lck. The presence of Tip-484 or Tip-488 has been shown to be required for viral transformation (9, 24) . Therefore, evaluation of activation of Lck by Tip-488 with several different antibodies is warranted.
Our previous studies found an association between transformation by HVS and Lck-mediated STAT activation (24) . HVS Tip-484 alone was shown to activate STAT DNA binding activity in vivo (24) . In the present study, we showed that the only region of Tip-484 required for activation of STAT3 in vivo is the LBD. Other transforming viruses have been shown to constitutively activate STATs. Human T-cell lymphotropic virus type 1-transformed cells exhibit constitutive activation of the Jak-STAT pathway (29) . Epstein-Barr virus transformation has also been shown to lead to uncontrolled STAT activation (38) . Perhaps the best-characterized activation of STATs is that by the Rous sarcoma virus v-src oncoprotein. v-src has been shown to phosphorylate and activate STAT3 (6, 41) . Recently, it was found that the transforming ability of v-src is dependent on its interaction with and activation of STAT3 (5, 36) . Thus, like v-src, the LBD seems to be the critical domain of Tip-484 for activation of Lck and STAT3.
The evaluation of the C-terminus construct proved to be invaluable since this construct did not activate Lck either as a fusion protein or when expressed in vivo. Although it was fully capable of binding to Lck in vitro, STAT3 binding was hindered. The lack of Lck activation in vivo was accompanied by a similar lack of stimulation of STAT3 activity. This provided strong evidence of a link between the Lck pathway and STAT3 signaling. We hypothesize that the presence of the hydrophobic C terminus linked to the LBD caused an unnatural and unfavorable conformational change in the LBD. This possibly disrupted protein-protein interdynamics required for activation of Lck. We speculate that this hinderance does not occur in the native form of Tip-484 since Tip-484 is folded correctly into a normal Lck-activating conformation.
The constitutive activation of nonreceptor protein-tyrosine kinases (NRPTKs), which include the Src family kinases, has been shown to be associated with transformation (for a review, see references 7 and 11). Disregulated NRPTKs have been linked to the constitutive activation of STATs that is found in several human malignancies of T-and B-cell origin (12, 26, 33, 34, 41) . It is thought that unregulated STAT activation is a key element in the transformation process. v-src, the prototypical member of the Src family, is a constitutively activated form of a cellular protein, has the ability to transform fibroblasts, and, as mentioned earlier, directly activates STAT3 (6) . Another example is the oncogenic fusion construct containing the B-cell receptor (Bcr) and NRPTK c-abl. Bcr-abl is a hallmark of chronic myelogenous leukemia (4). This NRPTK fusion protein has constitutively activated kinase activity. Bcr-abl has also been shown to constitutively activate STATs (13, 18) . Finally, Lck is overexpressed in the murine T-cell line LSTRA (14) . A recent study has shown the LSTRA cell line also has constitutive Jak-STAT activity (41) . In vivo overexpression of Lck kinase activity has also been linked to murine and human lymphoid malignancies (1, 25, 26) . Therefore, constitutive activation of NRPTKs and STATs appears to be a significant event in carcinogenesis.
